A regional climate change model (PRECIS) for China, developed by the UK's Hadley Centre, was used to simulate China's climate and to develop climate change scenarios for the country. Results from this project suggest that, depending on the level of future emissions, the average annual temperature increase in China by the end of the twenty-first century may be between 3 and 4 8C. Regional crop models were driven by PRECIS output to predict changes in yields of key Chinese food crops: rice, maize and wheat. Modelling suggests that climate change without carbon dioxide (CO 2 ) fertilization could reduce the rice, maize and wheat yields by up to 37% in the next 20-80 years. Interactions of CO 2 with limiting factors, especially water and nitrogen, are increasingly well understood and capable of strongly modulating observed growth responses in crops. More complete reporting of free-air carbon enrichment experiments than was possible in the Intergovernmental Panel on Climate Change's Third Assessment Report confirms that CO 2 enrichment under field conditions consistently increases biomass and yields in the range of 5-15%, with CO 2 concentration elevated to 550 ppm Levels of CO 2 that are elevated to more than 450 ppm will probably cause some deleterious effects in grain quality. It seems likely that the extent of the CO 2 fertilization effect will depend upon other factors such as optimum breeding, irrigation and nutrient applications.
INTRODUCTION
In his speech to Earth SummitC5 in June 1997, the UK Prime Minister, Tony Blair, drew attention to the problem of global warming and stated that industrialized countries must work with developing countries to help combat climate change. As a result of this commitment, the UK's Department for Environment, Food and Rural Affairs (DEFRA) and the Chinese Ministry of Science and Technology (MOST) signed the Statement on Joint Work on Climate Change Research on 6th July 2001. This provided for funding and collaboration for a UK/Chinese project to assess the impact of climate change on agriculture in China using advanced computer models developed in the UK. This paper summarizes the key findings from a successful collaborative project during [2001] [2002] [2003] [2004] between the United Kingdom and the People's Republic of China to develop climate change scenarios for China and to examine their impact on rice, maize and wheat production during the twenty-first century.
This modelling work took into account climatic variables, irrigation, soil variables and the influence of higher atmospheric concentrations of carbon dioxide (CO 2 ) on plant metabolism. In general, climate change itself tends to reduce crop yield but the fertilization effect of CO 2 tends to increase yield. The balance between these two effects is likely to depend, in reality, on factors such as the availability of water and nutrients and the prevalence of pests and diseases, all of which are also likely to be affected by climate change. This paper also introduces a preliminary supplementary study of CO 2 fertilization and its impacts on crop quality.
REGIONAL CLIMATE MODELLING AND CLIMATE CHANGE SCENARIOS
A regional climate change model (PRECIS), developed by the UK's Hadley Centre for Climate Prediction and Research, was used to simulate China's climate and to develop climate change scenarios for the country (Xu & Jones 2004 ). The PRECIS regional climate model was designed by the Hadley Centre to run on a desktop personal computer (PC) and to be applied to any part of the world to generate detailed climate change predictions at a 50!50 km or 25!25 km scale. Regional climate models are downscaling tools, adding detail to chosen general circulation model simulations. They have a much higher resolution than general circulation models and thus allow a more detailed assessment of a country's vulnerability to climate change.
PRECIS was used to predict changes in average rainfall, daily temperatures (minimum and maximum) and CO 2 concentration for the whole of China for the period 2070-2079; results of the three parameters for the intermediate decades, 2040-2049 and 2010-2019 , were obtained by a nonlinear interpolation pattern scaling method according to CO 2 concentration levels. Table 1 summarizes the average predictions for three  decades for the emissions scenarios A2 and B2 1 over the whole of China for 2010-1019, 2040-2049 and 2071-2079. Outputs suggest that there are likely to be more extremely high temperature events during the summer and fewer extremely cold events during the winter. The number of days with heavy rainfall is also projected to increase. Seasonal changes were also incorporated into the climate scenarios used for modelling the impact on the four crops.
The applicability of the PRECIS model to the Chinese climate was validated by comparing historical temperature and rainfall data over China for with modelled data for this baseline period (figure 1). The generally good agreement between observed and simulated data for provided confidence in the results obtained when PRECIS was used to project climate change over China into the twenty-first century using Special Report on Emission Scenarios (SRES) for future greenhouse gas emissions.
CROP MODELLING WITH CO 2 FERTILIZATION
Regional crop models were driven by PRECIS output to predict changes in yields of four key Chinese agricultural crops (rice, maize, wheat and cotton) on a desktop PC; these changes were then applied to all sowing areas of China to generate detailed crop predictions on a 50!50 km grid scale. National-level yields were calculated by yc m;n;i;r Z P 2622 jZ1 M m;n;i;r;j KM 0;i;r;j M 0;i;r;j 100% 2622 ;
where yc m;n;i;r is the mean yield change for m climate change scenario, n is the time-period, i is the crop and r is the management scenario (rainfed or irrigated with or without CO 2 fertilization effect). M m;n;i;r;j means mean yield of m climate change scenario, n is the timeperiod, i is the crop and r is the management scenario for j grid. M 0;i;r;j stands for the mean yield of i crop at baseline for no. j grid under r management scenario; 2622 is sowing areas by grids. The Crop Environment Resource Synthesis (CERES) crop simulation models (Ritchie et al. 1998) were used and information on the areas allocated to irrigated and rainfed crops was obtained from a national survey carried out in 2000. Previous studies have validated the CERES models for China. Matthews et al. (2000) used the CERES-rice as a core model to simulate the methane (CH 4 ) emission from East Asia, Rosenzweig et al. (1999) specified and validated eight sites in the major wheat-growing regions of China, Wu et al. (1989) used the CERES-maize to simulate maize yields for 1979-1984 in the North China Plain after calibrating the model based on local data. For this study, a validation on a regional scale for CERES-maize found that the simulated yield in the Jilin province, northeast China slightly overestimated historical yields (China National Agricultural Statistics), but more closely approximated the yields from agronomic experiments. Other crop models were validated against observed yields during 1995-2001 (Ju et al. 2005 ) and used to evaluate the impact on yields and production areas of climate scenarios provided by PRECIS for the A2 and B2 emissions scenarios. The variables captured in the model included:
(i) climatic (temperature and rainfall); (ii) whether the crop is irrigated (with higher baseline yield, assuming no limits on water supply in future) or rainfed (with smaller baseline yield, no irrigation supply in future); (iii) CO 2 fertilization effect; (iv) soil variables.
The following variables were not captured.
(i) Pests and diseases.
(ii) The availability of water for irrigation. In general, higher CO 2 levels in the atmosphere, resulting from global human activities, increase growth and yield, mainly through their effect on the crop's photosynthetic processes (higher levels of CO 2 mean that plants absorb more CO 2 -a process known as CO 2 fertilization (Hendrey & Kimball 1994) ). However, higher temperatures generally decrease yield by speeding up a plant's development so that it matures sooner (thus reducing the period available for yield production); they often also exacerbate stress on water resources that are essential for crop growth. Warmer and wetter conditions also tend to affect the prevalence of pests, diseases and weeds (not included in this yield model). Interactions of CO 2 with limiting factors, especially water and nitrogen, are capable of strongly modulating simulated growth responses in crop plants between 0 and 50% (tables 2-4). Even the photosynthetic ratios adopted in CERES are only 1.17 for wheat/rice and 1.06 for maize with CO 2 at a level of 550 ppm, compared with 330 ppm (Ritchie et al. 1998) . Free-air carbon enrichment experiments confirm that CO 2 enrichment responses under field conditions consistently increase biomass and yields in the range of 5-15% with CO 2 concentration elevated to 550 ppm (Ainsworth & Long 2005) . So the CO 2 fertilization simulation has considerable scope for improvement in the future.
(a) Key findings: rice Averaged across the country, yields are generally shown to increase under the A2 emissions scenario and decrease under the B2 emission scenario when the CO 2 direct effect is included in the simulation (see table 2 ). This is because CO 2 fertilization effectively offsets yield decreases caused by shorter growth duration due to higher temperatures. The CO 2 effect is more evident under A2 than B2. Without the CO 2 direct effect and keeping the same sowing date and rice varieties as today, average yields are likely to fall under both the A2 and B2 emission scenarios (see table 2). Note, however, the large regional variability in the yield changes. 3 ) because the higher temperature may shorten the growth period by between 4 and 8 days. While irrigation might counteract the trend towards a decrease in yield (assuming sufficient water is available), it is not expected to stop it completely (for the B2 scenario, yields could remain similar to current levels if good irrigation is available). Yield decreases would be greatest if higher temperatures occur during the period when the maize ears are swelling (Southworth et al. 2000; Jones & Thornton 2003) . These results show a large relative benefit to maize yields from elevated CO 2 . This is in contrast to most C 4 crop experiments which show minor absolute changes in yield due to CO 2 enrichment. As with rice, there is large regional variability in the yield change (table 3) . This could be due to the use of calibrated irrigation and nutrition parameters in the model which were validated under present CO 2 concentration rather than in a higher CO 2 environment.
(c) Key findings: wheat If the effect of CO 2 fertilization is included, average wheat yields are shown to increase in China in the 2020s, 2050s and 2080s under the A2 emissions scenario for both rainfed and irrigated wheat (see table 4 ). Spatial variability is again large. The response of wheat to future atmospheric CO 2 increases is likely to significantly constrain potential increases in yield. But for irrigated wheat to benefit from the effects of CO 2 fertilization, nutrients need to be non-limiting. Without CO 2 fertilization, wheat yields are expected to be some 20% and 10% lower by 2080 compared with current yields for the A2 and B2 emissions scenarios, respectively. . Measurement for effects of elevated CO 2 on grain quality showed that: (i) protein content for flour was found to significantly decrease with CO 2 concentration gradient enrichment (at range 57 mmol mol K1 ; table 5); (ii)the sedimentation value of ZhongYu five was found to decrease a little (table 6) . Even though there were some errors and uncertainties due to limited samples, significant differences between different varieties still exist after strict measurements. These results indicate that elevated CO 2 levels may cause a decrease in the quality of bread wheat due to generally lowered protein content.
EFFECTS OF ELEVATED CO
The above results from CGE experiments have confirmed the results from previous studies (Blumenthal 1996; Rogers et al. 1996; Hakala 1998; Monje & Bugbee 1998; Kimball 2001) : elevated CO 2 can cause more or less deleterious effects on grain quality. In addition, there would be distinct differences between varieties. Most of the experiments showed reductions in grain nitrogen content or grain protein at elevated levels of CO 2 , although some found no significant effect of elevated CO 2 on grain quality.
Rises in the concentration of CO 2 in the atmosphere are likely to be accompanied by temperature increases. Small increases in temperature (2-4 8C) had a larger effect than elevated CO 2 on grain quality (Tester et al. 1995; Williams et al. 1995) . Moreover, the effects of elevated CO 2 on grain quality may be partially balanced because temperature increases can enhance grain protein content (Campbell 1981; Blanche & Benzian 1986; Randall & Moss 1990; Wrigley et al. 1994) . However, it is unlikely that any high temperature effects will totally compensate for CO 2 enrichment. Data from Kimball's experiments (2001) suggest that adequate fertilizer is necessary to attain good quality grain and that with ample fertilizer the deleterious effects of elevated CO 2 will be minor. Furthermore, crops grown with limiting levels of nitrogen probably have poorer quality grain than they could have. CO 2 enrichment in the atmosphere during coming decades is likely to make the quality poorer still.
POTENTIAL ADAPTATION TECHNOLOGIES OF ACCLIMATION TO CO 2 FERTILIZATION
Measurements have shown that with prolonged exposure to elevated atmospheric CO 2 , the photosynthetic rate gradually declined, approaching or even less than that in ambient (Tang et al. 1998) . These results indicate an acclimation or downregulation to the higher CO 2 levels. But CO 2 fertilization still can be favoured for adaptation in a future climate. A detailed understanding of CO 2 fertilization should be taken into account in developing adaptation technology. New varieties by seed selection are one of the key methods of increasing crop yield and improving crop quality as well as adapting to environment change. With increasing ambient CO 2 concentration and a warmer climate, especially in winter, new crop varieties with high yield, warm-winter resistance under higher CO 2 should be favoured for adaptation in a future climate. For rice, cross breeding of Indica and Japanica varieties is considered ideal for enhancing morphological characteristics. In recent years, maintaining the breeding theory, which was suggested by Shaobing & Khush (2003) , from the International Rice Research Institute has attracted much attention. This aims to overcome the impact of soil and climate on yield, as well as environment change, to keep yield at a high level. It is also significant for acclimation to CO 2 fertilization effect. So some suitable crop breeding methods can be selected to adapt to changed climate.
Improving crop cultivation would be another helpful technique for acclimation of crops to the CO 2 fertilization effect. For example, adjusting crop planting time could avoid light energy loss while adjusting the planting area and region of C 3 and C 4 crops and increasing plant density could increase the accumulation and efficient use of CO 2 .
It is very difficult to understand the interactive impact of elevated atmosphere CO 2 and raising temperature on crop growth and yield formation. More CO 2 fertilization can be practiced through adjusting planted crop distributions and sowing times.
CLOSING COMMENTS AND DISCUSSION
The modelling work reported here has provided much useful information about the impact of climate change for the whole of China, but it would be useful to further explore the effects of CO 2 fertilization that are likely to be realized in practice. Modelling suggests that climate change without CO 2 fertilization could reduce the rice, maize and wheat yields by up to 18-37% in the next 20-80 years. However, the results were highly variable across space. Interactions of CO 2 with limiting factors, especially water and nitrogen, are increasingly well understood and capable of strongly modulating observed growth responses in crops. Results from CGE experiments have confirmed the results from previous studies: CO 2 concentrations of more than 460 ppm can cause more or less deleterious effects on wheat quality. At present, uncertainties still exist, such as the fact that the CERES model does not differentiate between the changes under long periods of high CO 2 concentration and the changes with shorter periods of elevated CO 2 ; also, the model has not shown impacts on crop quality. The project study has also enabled the results from the socio-economic study to be integrated with those from climate change modelling, but this kind of socio-economic scenario needs further improvement. Suggested areas for further investigation include integration of the outputs of this study with assessment of the impact of climate change on land use and water resources availability at the national and regional level. ENDNOTES 1 A2: globally inhomogeneous economic development, with a continuous increase in the world's population and a medium-high rise in greenhouse gas emissions. B2: regional sustainable development, with a slower (but continuous) increase in the world's population and a medium-low rise in greenhouse gas emissions.
